We calculate the magnetic moments of hyperons in dense nuclear matter by using relativistic quark models. Hyperons are treated as MIT bags, and the interactions are considered to be mediated by the exchange of scalar and vector mesons which are approximated as mean fields.
I. INTRODUCTION
Deep inelastic muon-nucleus scattering in the European Muon Collaboration showed that the electromagnetic (EM) properties of the nucleon in nuclear medium could be different from those in free space [1] . It was shown that the magnetic moment of the proton in 12 C seemed enhanced by about 25 % compared to that in free space [2] . Experiments were performed to explore various observables that could indicate medium effects on the EM properties of the nucleon, such as longitudinal response function, polarization transfer, induced polarization, and etc. A very recent experiment at JLab [3] provides another positive indication of the medium modification of the EM form factors of the nucleon. On the theoretical side, several models that treat the nucleon as a composite system of quarks were proposed to calculate the in-medium EM form factors of the nucleon [4, 5, 6, 7, 8, 9] . A cloudy bag model calculation [4] predicted a substantial enhancement of the magnetic moment in the nuclear medium in the range 2-20 %. On the other hand, models such as light-front constituent quark model [5] , quark-meson coupling model with pion cloud [6] , Skyrme model [7] , chiral quark soliton model [8] and Nambu-Jona-Lasino model [9] give less enhancement, up to 10 % at most.
Quasi-elastic electron-nucleus scattering was expected to provide possible indications for the in-medium modification of nucleon structure functions, and investigations along this line were performed. In Refs. [10, 11] , the cross sections for quasi-elastic (e, e ′ ) scattering were calculated with and without the in-medium EM form factors. But the results showed no clear indication of medium modification. Although much work has been done in both theory and experiment, the situation still remains controversial, especially for the magnetic moment.
In this work we calculate the magnetic moments of the octet baryons in nuclear matter with the quark-meson coupling (QMC) [12] and the modified quark-meson coupling (MQMC) [13] models. Based on the MIT bag model, these models provide a simple but robust tool for the description of baryon properties in free space and bulk properties of symmetric and asymmetric nuclear matter [14] and neutron stars [15, 16] . Saito and Thomas calculated the in-medium magnetic moment of the proton in symmetric matter with the QMC model [17] . An interesting result in their work is the dependence of the magnetic moment on the bag radius. Three values of the bag radius, 0.6, 0.8 and 1.0 fm were adopted for the proton in free space. Changes in the values of the magnetic moments due to the medium from those in free space are relatively small, but the changes depend considerably on the bag radius in free space. For instance, the magnetic moment in medium at the nuclear saturation density is only about 1 % larger than that in free space if the bag radius is chosen as 0.6 fm, but if the bag radius is 1.0 fm the magnetic moment becomes about 7 % larger.
We shall investigate the model dependence of the magnetic moments in medium by considering both the QMC and MQMC models. While the QMC model has the problem of yielding too small a spin-orbit interaction, the MQMC model with the density-dependent bag constant produces the magnitudes of σ and ω meson fields similar to those obtained from the Dirac phenomenology and quantum hadrodynamics, which produce the right magnitudes of the spin-orbit interaction. The MQMC model is also able to reproduce the nuclear saturation properties better than the QMC model, which will be presented in Sec.IIA. A big difference between the bag properties obtained from QMC and MQMC is in the behavior of the bag radius in nuclear matter. In the QMC model, the bag radius decreases as density increases, but in the MQMC model the bag radius increases with density [18] .
Since the magnetic moment depends on the bag radius, it is expected that the prediction of the magnetic moment from the MQMC model will differ from that obtained from the QMC model.
The magnetic moment of a hyperon in medium was experimentally studied only recently.
The magnetic moment of a Λ hyperon in a hypernucleus 7 Λ Li has been measured at BNL [19] . The result is still preliminary with large errors. Further experiments are needed, for example, in J-PARC [19] to determine the in-medium EM properties of the hyperon. Thus it is timely to investigate the magnetic moment of hyperons in medium theoretically.
In Sec. II, basic ingredients of the models are presented. The magnetic moments of octet baryons are expressed in terms of the quark wave functions. Sec. III shows numerical results, and discussions on the model dependence and the correlation between the bag radius and the magnetic moments follow. Sec. IV summarizes the paper.
II. MODELS
A. QMC and MQMC models for nuclear matter In the QMC model a nucleon in nuclear matter is described by a static MIT bag in which quarks couple to meson fields that are treated as mean fields. The quark field ψ q inside the bag satisfies the Dirac equation
where m q (q = u, d, s) is the bare quark mass, σ and ω 0 are the mean fields of σ and ω mesons, respectively, and g 
with
where R is the bag radius, j 0 (x) and j 1 (x) the spherical Bessel functions, and χ q the quark spinor. The value of x q is determined from the boundary condition on the bag surface;
The energy of a baryon with ground state quarks is given by
where B B is the bag constant, and Z B is a phenomenological constant introduced to take into account the zero-point motion of the baryon. We use the subscript 'B' to denote the species of a baryon. The effective mass of a baryon B in medium is given by and those for R 0 = 0.8 and 1.0 fm are listed in Table I .
The coupling constants for up and down quarks with σ and ω mesons can be determined from nuclear saturation properties by assuming g In the QMC model, where the bag constant B B is density-independent, the nucleon mass at the saturation density is predicted to be larger than the widely accepted range 
where n q is the number of u and d quarks in a baryon B and m B is its free mass. The coupling constants for both the QMC and MQMC models and the resulting nuclear matter properties can be found in Table I of Ref. [21] .
In the subsequent sections, we shall see that the in-medium bag radius R B (ρ) plays an important role. It is defined as the bag radius where
It is known that there is a sharp contrast between the QMC and the MQMC models in the density-dependence of R N (ρ) [18] . R N (ρ) from QMC decreases just a little while that from MQMC increases by about (10 ∼ 20) % at the saturation density [13] . We shall show in Sec.III there are correlations between the bag radius in medium R B (ρ) and the magnetic moments in medium µ B (ρ).
B. Magnetic moment of baryons
The nucleon bags in both QMC and MQMC models become a simple MIT bag in free space. We thus briefly describe first the calculation of the magnetic moments of baryons by using the MIT bag model, whose detailed explanation can be found, for example, in
Ref. [22] .
The magnetic moment operator can be written as
whereQ i and r i are the charge and the position operators of the i-th quark (i = 1, 2, 3) in the bag, and α = γ 0 γ. The normalized SU(6) wave function of a spin-up proton is given as
where q x (i) denotes a quark wave function given by Eq. (2) with its spin state x (=↑ or ↓).
The magnetic moment of a proton then reads
where e z is the unit vector along the z-axis and the integral D q is given by
Wave functions for other baryons can be obtained by acting the SU(3) shift operatorŝ T ± ,Û ± andV ± successively to the proton wave function [23] as follows:
and |Λ ↑ can be obtained by the orthonormality condition. Once the wave functions are obtained, the calculation of the matrix elements is straightforward. Applying the magnetic moment operator to the wave functions of octet baryons, we obtain In nuclear matter (ρ = 0), the σ-and ω-mesons acquire non-vanishing values of their mean fields, which causes changes in the effective masses of quarks (m * q = m q − g q σ σ) as well as in other quantities such as N q , β q , x q and R B (ρ). Thus, D q and the resulting values of the magnetic moments of baryons depend on the nuclear density.
III. RESULTS
Before we present the results for µ B (ρ) in medium, let us first show the values of µ B (ρ = 0) in free space calculated by using Eq. (18) . The ratios of µ B /µ p in free space are listed in Table II , where R 0 denotes the bag radius in free space; R 0 = R B (0). Due to the difference in the values of parameters, the magnetic moments of this work are slightly different from those given in Ref. [22] .
Let us introduce a quantity r B (ρ) defined as the ratio of the magnetic moment of a baryon B in medium of density ρ relative to its free space value,
We list the values of r B (ρ 0 )'s at the saturation density ρ 0 obtained from the QMC and the MQMC models in Table III and Table IV , respectively. To check the consistence of the results against different choices of the bag radius, we show the ratios r B (ρ 0 ) for different values of R 0 . The R 0 -dependence of r B (ρ 0 ) in the QMC model is found to be rather small (less than 5 %), while that in the MQMC model is even smaller (less than 2 %). Thus in the forthcoming discussion we use R 0 = 0.8 fm.
As seen in Table III , the magnetic moments of baryons at the saturation density in the QMC model change only by a few percents from those in free space for all the baryons. This behavior agrees with the results of Ref. [17] . In particular, the magnetic moment of Λ in matter remains almost unchanged from that in free space with only about (0.1 ∼ 0.7) % decrease at the saturation density. Even if we increase the matter density up to 4 times the saturation density, the change is found to be less than 2 % for Λ as seen in the upper panel of Fig. 1 . The reason is not difficult to understand. As the s-quark does not couple to the σ and ω mesons, the effective mass of the s-quark remains unchanged, m * s = m s . Thus, as can be seen from Eq. (16), the only medium effect on µ Λ is through the change in the bag radius. The bag radius R B in the QMC model, however, decreases only slightly as density increases. In our calculation, the bag radius of a Λ hyperon at the saturation density is about 99.6 % of that in free space. As a result, D s remains almost constant with respect to ρ, and consequently the density-dependence of µ B coming from that of D s is very small as seen in Table III . In the upper panel of Fig. 1 , we show the density dependence of the magnetic moments of octet baryons (with R 0 = 0.8 fm) up to ρ = 4 ρ 0 . We find that the density dependence is rather small even at ρ = 4 ρ 0 with a change of about 10 %.
One can notice from Fig. 1 that only Table IV . At the saturation density, the magnetic moment of a nucleon in the MQMC model increases by about 25 % from its free space value, which is much larger than the increase observed with the QMC model (3 ∼ 7 %). Also, the MQMC models predicts the value of µ Λ at the saturation density to increase by about 10 %, which is in sharp contrast with the QMC prediction, in which case µ Λ in medium remains almost the same as the free space value.
Comparing Table III and Table IV The behaviour of r N (r Λ ) is rather similar to that of R N /R 0 (R Λ /R 0 ). It is known that for massless quarks D q is proportional to the bag radius R, D q ∝ R [22] . For general cases where m * q = 0, the analysis becomes complicated. Figure 2 , however, indicates that such a relation still remains valid to some extent for the cases considered in this work.
IV. SUMMARY
We have considered in this work the changes of the magnetic moments of octet baryons in dense matter for the first time in the framework of the quark-meson coupling model. Both octet baryons and nuclear matter are treated in a consistent manner by using the quark-meson coupling models. Model dependence is investigated by employing the QMC and the MQMC models, which differ in the density dependence of the bag constant. The QMC model predicts that the magnetic moments of octet baryons at the saturation density change only by a few percents from those in free space. In particular, the magnetic moment of Λ practically does not change from the free-space value in the QMC model. On the other hand, we obtain quite different results from the MQMC model. In the MQMC model, the magnetic moment of a nucleon at the saturation density increases by about 25 % from the free-space value, and the magnetic moment of Λ also increases by about 10 %. A similar amount of increase in the magnetic moment is also observed for other hyperons. The reason for this model dependence can be ascribed mainly to the behavior of the bag radius in nuclear matter, which comes from the change in the bag constant with respect to the density. The self-consistency equations in the QMC and MQMC models are highly nonlinear. Thus it is not straightforward to see how magnetic moments are related to the bag radius. However, by comparing the density dependence of the magnetic moment with that of the bag radius for each baryon, we find that the two quantities behave rather similarly as functions of density.
In the QMC model, the bag radii of the baryons decrease only slightly at the saturation density from the free-space values, by about 1 %. The magnetic moments calculated with the QMC model change more or less in the same ratios. In the MQMC model, the bag radii and the magnetic moments behave very similarly and increase by about 10 -20 % at the nuclear saturation density. Our present results for magnetic moments in nuclear matter may not be directly comparable to the magnetic moments of baryons in finite nuclei. However, our results show that there can be significant changes of the magnetic moments in nuclei, and further investigations are needed to to understand the medium modification of the EM properties of baryons. In particular, it is desirable to measure the magnetic moments of these octet baryons in nuclei, which can also give us information on various medium effects on hyperons [25, 26] .
